The whole genome sequence (1.83 Mbp) of Haemophilus influenzae strain Rd was searched to identify tandem oligonucleotide repeat sequences. Loss or gain of one or more nucleotide repeats through a recombinationindependent slippage mechanism is known to mediate phase variation of surface molecules of pathogenic bacteria, including H. influenzae. This facilitates evasion of host defenses and adaptation to the varying microenvironments of the host. We reasoned that iterative nucleotides could identify novel genes relevant to microbe-host interactions. Our search of the Rd genome sequence identified 9 novel loci with multiple (range 6-36, mean 22) tandem tetranucleotide repeats. All were found to be located within putative open reading frames and included homologues of hemoglobin-binding proteins of Neisseria, a glycosyltransferase (IgtC gene product) of Neisseria, and an adhesin of Yersinia. These tetranucleotide repeat sequences were also shown to be present in two other epidemiologically different H. influenzae type b strains, although the number and distribution of repeats was different. Further characterization of the lgtC gene showed that it was involved in phenotypic switching of a lipopolysaccharide epitope and that this variable expression was associated with changes in the number of tetranucleotide repeats. Mutation of lgtC resulted in attenuated virulence ofH. influenzae in an infant rat model of invasive infection. These data indicate the rapidity, economy, and completeness with which whole genome sequences can be used to investigate the biology of pathogenic bacteria.
Haemophilus influenzae is an important cause of human disease worldwide. Serotype b capsular strains cause invasive bacteremic infections such as meningitis, septicemia, epiglottitis, septic arthritis, and empyema, particularly in infants. Strains lacking a capsule are a common cause of otitis media, sinusitis, conjunctivitis, and acute lower respiratory tract infections, which account for many millions of childhood deaths in the Third World (1) .
A feature of pathogenic bacteria, including H. influenzae, is their propensity for varying the phenotypes of surface molecules which interact with host structures (2, 3) . One genetic mechanism mediating phenotypic variation involves changes in the number of repeated nucleotides in mononucleotide (homopolymeric) tracts or tandemly iterated oligonucleotides. As one example, dinucleotide repeats of TA have been associated with phase variation of H. influenzae fimbriae, an adhesin mediating attachment to respiratory epithelia (4) . The mechanism involves altered transcription of two divergently transcribed genes resulting from loss or gain of nucleotide repeats located in'the region of the overlapping promoters (5) . Multiple tandem DNA repeats of CAAT or GCAA have been identified within the 5' end of the translated reading frames of genes required for lipopolysaccharide (LPS) biosynthesis (6, 7) . These repeat regions are also subject to loss or gain of one or more of the four-base repeats, presumably through slippedstrand mispairing (8) producing frame shifts and resulting in a high frequency of phase variation of oligosaccharide core structures. This genetic potential to generate a repertoire of variant antigens is one of the mechanisms by which pathogenic microbes can adapt to the differing microenvironments of the host and evade host immune responses (2, 3) . Similar mechanisms involving pentanucleotide and mononucleotide repeats have been described in Neisseria meningitidis, Neisseria gonorrhoeae, and other pathogens (9) (10) (11) (12) (13) .
Given the importance of repetitive DNA, we hypothesized that a search of the complete genome sequence ofH. influenzae strain Rd (14) for repetitive DNA sequences might identify novel genes whose products would have functions of relevance to pathogenicity. It was our aim to characterize these DNA repeats and their associated loci in strain Rd, to extend the study to include other H. influenzae strains, and then to show the biological role of one of these novel loci, IgtC, in mediating phase variation and bacterial virulence. (14) . Also used in this study were the type b strains RM153 (Eagan) and RM7004 (both disease isolates from the United States (15) and Holland (16), respectively). H. influenzae strains were grown at 37°C in brain heart infusion (BHI) broth supplemented with hemin (10 ,ug/ml) and NAD (2 Ag/ml). Following transformation, kanamycin (10 ,zg/ml) was added to the growth medium.
MATERIALS AND METHODS
Escherichia coli, strain DH5a, was used to propagate cloned PCR products and was grown at 37°C in Luria-Bertani (LB) broth supplemented with ampicillin (100 [kg/ml).
Searching for DNA Repeats in the H. influenzae Genome Sequence. All possible combinations of mononucleotide, dinucleotide, trinucleotide, and tetranucleotide motifs were searched in early versions of the H. influenzae strain Rd genome data base prior to completion of sequencing and annotation. Three or more repeats of tetranucleotide and trinucleotide motifs were searched by using the program BLAST (17) , and mononucleotide (homopolymeric) tracts comprising two or more nucleotides of A(T) or C(G) and dinucleotide 
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motifs from the possible combinations of AT(TA), AG(TC), AC(TG), or CG(GC) were searched for in the strain Rd data base by using the program FINDPATrERN (17) . Regions of DNA around significant numbers of repeats were isolated and searched against the combined GenBank/EMBL data banks to predict the position and function of any associated reading frames.
Analysis of Tetrameric DNA Repeats. Oligonucleotide primers were designed to amplify 4-600 bp of DNA, including each tetrameric motif region of greater than four repeats from strains RM118, RM153, and RM7004 by the PCR. Amplification was for 30 cycles of 1-min denaturation at 94°C, 1-min annealing at 50°C, then 1-min elongation at 72°C using Taq DNA polymerase (Boehringer Mannheim) under conditions recommended by the supplier. PCR-amplified products were sequenced either directly, using Dynabeads (Dynal, UK) and biotinylated primers, or after insertion into plasmid pT7Blue (Novagen). The number of repeated motifs was determined in each case. The distribution of repeat motifs was confirmed by Southern analysis of restriction endonuclease-digested chromosomal DNA using oligonucleotides, comprising five copies of each tetranucleotide motif identified, as hybridization probes (18) .
Construction ofan lgtC Mutant. The lgtC gene was amplified from strain RM153 by PCR, then cloned in the plasmid pT7Blue. A kanamycin-resistance cassette (HincII ends from pUC4Kan, Pharmacia LKB Biotechnology) was ligated to the cut and end-filled HindIII site within the lgtC gene. Linearized plasmid containing the interrupted lgtC gene was used to transform H. influenzae by the method of Herriott et al. (19) . Transformants, selected on kanamycin, were confirmed by Southern analysis of chromosomal DNA (18) and by PCR.
Analysis of LPS by Colony Immunoblotting. Midlogarithmic-phase (OD600 = 0.4) cultures of bacteria were diluted and inoculated on BHI agar plates to obtain single colonies. After overnight growth, colonies were transferred to nitrocellulose membranes, air-dried, and allowed to react with monoclonal antibodies 4C4, 5G8, 6A2, and 12D9, kindly provided by E. J. Hansen (University of Texas), as described by Roche and Moxon (20) .
Analysis of Purified LPS by Electrophoresis. A 1-,ul loop full of cells from fresh overnight growth ofH. influenzae strains RM7004 and RM70041gtC on BHI plates was lifted and LPS was isolated as described by Roche and Moxon (20) . Then 6-pAI samples of LPS after proteinase K treatment were analyzed by Tricine/sodium dodecyl sulfate/polyacrylamide gel electrophoresis (T/SDS/PAGE) using 16.5% acrylamide gels at 100 V. Gels were fixed in 25% isopropyl alcohol/10% acetic acid/65% water (vol/vol) and stained with silver (Quick Silver kit, Amersham).
Virulence Experiments. The virulence of H. influenzae strains RM153 (Eagan) and RMl531gtC was determined in infant rats by using a previously described model of H. influenzae infection (21) . Five-day-old Sprague Dawley rats from litters of 12 were inoculated intraperitoneally with an inoculum (geometric mean of 108 or 146 organisms for RM153 and RM1531gtC, respectively) in 0.1 ml of phosphate-buffered saline. Bacteremia was assessed from 0.01 ml of blood sampled from all surviving rats after 48 hr by tail vein puncture as described previously (21) . Mortality was assessed daily up to 5 days. The statistical significance of the data was determined by the Mann-Witney and t tests.
RESULTS AND DISCUSSION
The Genome of H. influenzae Strain Rd Contains Multiple Tetranucleotide Repeats Our search of the H. influenzae strain Rd genome sequence database identified 12 different loci with multiple (>4) tetranucleotide repeats (Table 1) . Six of these were associated with previously unidentified candidate virulence genes, findings which provided strong encouragement for our starting hypothesis and of the utility of complete microbial genome sequences. Three of the 12 loci containing multiple repeats of CAAT were associated with previously characterized LPS biosynthetic genes (6, 22) . Thirty-two copies of AGTC were located within a locus of low homology to a gene encoding a methyltransferase of Salmonella. Although this gene is not an obvious candidate virulence gene, methylation has been shown to be important for the regulation of virulence determinants in other organisms-for example, the Pap pili ofE. coli (23) . Two loci, containing tetranucleotides of CAAC and TTTA, were located within open reading frames which were not homologous to any sequences of known function in current databases. However, one of the most important uses of whole genome sequences may prove to be the identification of novel ("orphan") genes.
The abundance of loci containing tetranucleotide repeats in the H. influenzae genome was a striking finding. By chance, given the size and A+T content of the genome, the finding of more than three tandem repeats for any of the 256 possible combinations of tetranucleotides would not have been expected by chance. Furthermore, the evolution of these tetranucleotide repeats in Haemophilus was in striking contrast to findings in E. coli, in which no instance of >3 tetranucleotide repeats was found in approximately 2.8 Mbp of sequence available in GenBank. Of two other completed microbial genomes, tetranucleotide repeats were not present in significant numbers in the 0.6 Mbp of Mycoplasma genitalium (24) or the 1.7 Mbp of Methanococcus jannaschii.
We sought to determine whether the tetranucleotide repeats in strain Rd were a particular feature of this organism, especially since it has been confined to the laboratory since its isolation from a human in the 1940s (25) . Therefore, we investigated two epidemiologically distinct type b strains (RM153 and RM7004) which were isolated from meningitis patients from Europe and -the United States, and also a derivative of strain Rd (RM118) which had been maintained over several years in our laboratory (Table 1) . Strains were investigated by PCR amplification, cloning, and sequencing using locus-specific primers and by hybridizing restriction endonuclease-digested chromosomal DNA with oligonucleotide probes each having five copies of each tetranucleotide identified. A general finding in all three strains was that the tetranucleotide repeats were located at the 5' end of the putative open reading frames, thereby affording the greatest probability of disrupting translation of the polypeptide through frame shifting. There were differences in the numbers of tetranucleotide repeats present in equivalent loci, not just when comparing the genome sequence and the type b strains but also when comparing with strain RM118 (Table 1) . Also, the nucleotide sequence of the tetrameric repeats associated with homologues of the methyltransferase gene (Table 1 ) was different; instead of the repeated AGTC tetranucleotides found in strain Rd, strains RM7004 and RM153 had multiple repeats of AGCC. For this locus, we extended our study and found the repeat AGTC associated in type d and f strains, whereas in other capsular types (a, b, c, and e) and two nontypeable strains, the tetranucleotide AGCC was present. Also, one of the four hemoglobin-binding proteins containing repeats of CAAC was not present in either of the type b strains (Table 1 ). This indicated the potential for differences in the distribution of repeat-associated loci between strains, as well as in the number and sequence of repeated DNA motifs at any given locus.
With regard to other forms of repetitive DNA in the H. influenzae genome sequence, the search for homopolymeric tracts showed the highest number of consecutive bases to be 10 for A or T and 9 for C or G nucleotides. The size and frequency of occurrence of homopolymeric tracts, from 1 to 10 nucleotides, showed little deviation from a theoretical distribution based on a random 1.8-Mbp DNA sequence with a bias of 61% A+T bases (data not shown). The frequencies of repeated dinucleotides have been determined in a similar manner, with 6 copies found to be the maximum for any possible combinations of AT/TA, AG/TC, AC/TG, and CG/GC. For both homopolymeric tracts and dinucleotides, the locations of the highest numbers of repeats were not uniquely within, or associated with, open reading frames. Trinucleotide repeats have not been reported to be associated with phase-variable loci in bacteria and, since loss or gain would not result in translational frame shifting, slippage would have a plausible function only through modulation of transcription. One locus, the heme-utilization gene hxuC, has been identified which has 9 copies of the motif AAT located within the control region across the predicted -10 to -35 sequence (26) . Other triplet nucleotide repeats were found at frequencies expected for the genome size of strain Rd.
DNA Repeats Are Located Within Homologues of Putative Virulence Genes
Three of the 12 tandem repeats of tetranucleotides have been previously characterized and were already known to be associated with phase-variable oligosaccharide structures of LPS (22) . On the basis of data base searches, the most striking findings were the four genes with homology to hemoglobin and other iron-binding proteins of Neisseria, each occupying a distinct position in the Rd genome. Iron is an essential nutrient of bacteria; the availability or the efficiency with which bacteria scavenge iron is known to be important for virulence (27) . This apparent redundancy and potential for phase variation, although not yet formally investigated, is intriguing. One explanation is that the genes mediate binding to different sources of protein-bound iron-e.g., lactoferrin, transferrin, or hemoglobin. Indeed, N. meningitidis and N. gonorrhoeae have multiple iron-sequestering proteins (28) . Another possibility is that, given the importance of iron acquisition and the external presentation of binding proteins, multiple alleles are present, each of which can be switched on or off to afford a mechanism for evading the development of specific host immune responses. If antibodies to one or other protein are made by the host, another antigenically distinct protein, when switched on, could be advantageous.
A region comprising 25 repeats of GCAA was found at the 5' end of a gene encoding a homologue for YadA, an adhesin and virulence factor of Yersiniapseudotuberculosis and Yersinia pestis (29, 30 with an altered LPS electrophoretic profile and altered reactivity with a panel of LPS-specific monoclonal antibodies (Fig.  1A) . The LPS isolated from strain RM70041gtC had a simpler electrophoretic pattern (reduced number of bands staining with silver) than that from RM7004, indicating that extension of the LPS to form the higher molecular weight species is blocked in the mutant. On colony immunoblotting, the lgtC mutant had significantly reduced reactivity to the monoclonal antibodies 4C4 and 5G8, both of which recognize the terminal LPS epitope, Gala(1-4)p3Gal (31, 32) . This epitope shows phase variation (Fig. 1B) at a frequency of 0.1-1% in wild-type RM7004 (6). However, both strains RM7004 and RM70041gtC retained phase-variable reactivity with monoclonal antibodies 6A2 and 12D9, which recognize alternative LPS core epitopes. By directly sequencing the GACA repeat region of 4C4-reactive and 4C4-nonreactive colonies shown in Fig. 1B (13) .
The pathogenicity of the RM1531gtC mutant was compared with that of its isogenic wild-type, which has been used extensively as a prototype strain in virulence studies in an infant rat model. The IgtC mutant was found to be attenuated as evidenced by reduced mortality and the degree of bacteremia in surviving rats cultured 2 days following intraperitoneal inoculation ( Table 2 ). The results were combined from the data collected by using two independent lgtC mutants over several virulence experiments.
The message of this paper is to point out the power of using whole genome sequence data in the study of pathogenic bacteria. The idea that short tandem repeats might identify candidate virulence genes was based on the knowledge that phase variation is a typical characteristic of these surface molecules. This study has identified six or more candidates, one of which, IgtC, has been shown to be involved in phase variation of LPS and to influence virulence. We are proceeding with detailed investigation of the functional role of the other genes with tandem tetranucleotide repeats in Haemophilus and are also investigating repeats as a general phenomenon in other host-adapted mucosal pathogens.
Whole biology, including the elucidation of complex biosynthetic pathways, the minimal set of genes required to sustain the free-living state, and the evolutionary relationships among bacteria, archeae, and eukarya.
